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Near-field microwave microscope measurements to characterize bulk

material properties
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The authors discuss near-field scanning microwave microscope measurements of the complex
permittivity for bulk dielectric (fused silica), semiconductor (silicon), and metal (copper). The
authors use these measurements to test existing quasistatic theoretical approach to deembed the bulk
material properties from the measured data. The known quasistatic models fit the measured data well
with parameters for silicon (g,=11.9, =50 S/m) and fused silica (g,=3.85, tan §=1.0 X 107%).

However, for copper (with 0c,=5.67 X 107 S/m), apart from quasistatic coupling, an additional loss
of 12 Q is needed to fit the data. © 2007 American Institute of Physics. [DOL: 10.1063/1.2748307]

High frequency nanoscale devices enable innovative
technologies but often require integration of semiconductors,
dielectrics, and metals into nanometer-scale devices. This
trend is evident in the device structures coming from scaling
of transistor-based electronics down to 32 nm (Refs. 1 and 2)
as well as emerging nanotube-based -and spintronic
devices.” Such applications require tools for measurement
of material Ipropertlcs on nanometer length scales at high
frequencies.” One tool for characterization of composite
nanoscale materials at microwave frequen01es 1s the near-
field scanning microwave microscope (NSMM) 13 Two ma-
jor trends in NSMM are a waveguide approach and a sharp-
tip approach. 810-13 por studying nanodevices, the sharp-tip
approach of NSMM has several advantages, including the
use of scanning tunneling microscopy (STM) feedback as a
distance-following mechanism for NSMM."? With STM-
assisted NSMM, nanoscale spatial resolutlon has been
achieved in capacﬂance12 and sheet resistance.”* However,
the physics of a sharp tip in the near-field is still not com-
pletely understood,’ despite the fact that NSMM has been
used for nanoscale measurements. In this letter, we extend
the conventional antenna theory to better understand the in-
teraction of the sharp tip with materials as it is-brought into
the near field of different bulk samples.

The bulk samples are used to simplify the sample geom-
etry, since NSMM is sensitive to matenal properties' as well
as the geometry of the tip and sample One of the challenges
in this field is to deembed the matenal properties of the
sample from geometrical effects.>” We performed height-
dependent NSMM measurements over semiconducting, di-
electric, and metal samples in order to understand the phys-
ics related to the sharp-tip geometry and tip-sample
interaction. Below, we show that a loss mechanism due to the
sharp tip becomes a significant factor in the characterization
of high conductivity materials. We also discuss a way to
qualify bulk materials based on the magnitude of their re-
spective complex permittivities.

To perform measurements, we employed a commercmlly
available NSMM system described in detail elsewhere.® The
critical part of the NSMM system is a /4 coaxial resonator
operating at 2.66 GHz with an aperture opening and a sharp
tip sticking out at one end, as shown in Fig. 1. The resonator
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is connected to a vector network analyzer through input and
output coupling loops. The measurement is performed in
transmission mode by measuring the S;; or S,; scattering
matrix parameters of the resonator. The resonant frequency
(f) and quality factor (Q) are measured as a function of the.
height of the tip above the sample (z). We define f; and Q
the resonant frequency and quality factor of the resonator
with no sample present (z=1 mm). The Oy of the resonator
is 652. The frequency shift is defined as Af=f—f,. The zero
height is defined as the point where the tip touches the
sample. In the experiment, we changed the height by moving
away from the sample starting at the touching point. Note
that the minimum step size of z is 0.1 wm.

To analyze the experimental data, we used a series-RLC
lumped element model for the resonator. Following the ap-
proach introduced in Ref. 11, the sample load is electrically
in parallel with the capacitance of the resonator. Figure 1
shows the experimental setup with the defined lumped ele-
ments. The tip-to-sample coupling capacitance C, consists of
two capacitors in series: the tip-to-sample geometncal ca-
pacitance (C,) and the material capacitance (Cy).* The ca-
pacitance between the outer conductor of the resonator and
the bulk sample (C,,) can be safely ignored, since C,,
>C,. In our analys1s C, is modeled with the quasistatic
imaging methods,® and the loading impedance of the sample
is modeled as a series capacitor C; and sample resistance R
As discussed below, the analysis of experimental data shows

FIG. 1. Experimental setup of NSMM. The tip is the antenna brought near

the sample. The coupling capacitance C, is in series with the materials’
property R;. C, has contributions from both the sample material and the
tip-sample geometry. .
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FIG. 2. (Color online) Af/f, vs Q/Q, plotted for the silicon and fused
silica. The y axis is sensitive to C, to first order, and the x axis to the
materials’ loss. Both materials fit well with the conventional quasistatic
models. The measurement was performed at heights from 0.1 to 1000 xm.

that Af is sensitive mainly to C, and C; while Q is sensitive
mainly to R,. The inductance L; becomes important for su-
perconducting samples.7

The data for the bulk dielectric (fused silica) and bulk
semiconductor (silicon) are shown in Fig. 2, where Af/f, is
plotted against Q/Q, at each height and this height range is
from 0.1 to 1000 wm. The higher the material loss, the lower
will be the value of Q/Qy.. To compare our experimental
results with the existing material characterization procedures,
we used the commonly used fitting parameters in the model:
Dr (the effective radius of the antenna wire),7’9’16 the rela-
tive permittivity &g, and the conductivity o of the material.
The diameter of the original tungsten wire used as the tip is
80 wm; however, the probe end of the tip was cut, so ry is
expected to be less than 40 wm. The tip-to-sample static field
structure depends on the sample material properties; hence
the effective radius of the antenna wire will be different for
different materials. We kept r fixed at 30 um throughout the
analysis and varied D to account for the changes in the field
structure.

The quasistatic model of tip-sample interaction uses an
image-charge method above the bulk dielectric and metal® to
calculate C,. Fits using this model] are shown as solid lines in
Fig. 2. For silicon, the fit parameter is D=1.35, with
05=50 8/m (pg;=2 Q) cm) and ,=11.9 held fixed. The qua-
sistatic model fits the silicon data reasonably well. For fused
silica, the quasistatic model fits the measured data also rea-
sonably well, but for a different fit parameter D=2.25 from
the silicon, with fixed £,=3.85 and tan 8=1.0 X 1074, as ob-
tained from independent measurements.”’ The data for the
copper are shown in Fig. 3. For the quasistatic fits, the fitting
parameters are D=1 and 0¢,=5.67 X 107 S/m, the conduc-
tivity of copper.18 As shown in Fig. 3, the pure quasistatic
model fails to fit the copper data. However, if an additional
loss of 12 Q of resistance is added, then the quasistatic
model fits the copper data for the same material parameters.

We attribute this additional 12 ) of loss to the change of
the antenna impedance as it is brou§ht into the near field
above the conducting ground plane.1 "0 The inset of Fig. 3
shows the calculation of the change of the real part of the
impedance of a Hertzian vertical electric dipole (VED) being
brought to the groximity with a semi-infinite conducting
ground planelg’2 with o=0(,. The x axis represents the
height plus ry of the VED above the ground plane. Here, rg
represents the location of the center of the VED inside the
tip. The change in resistance of the antenna (ARpens,) Satu-
rates near 12 ) as the dipole comes closer to the ground

plane (copper). The VED fits the cogper data for D=1,
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FIG. 3. (Color online) Af/f, vs O/ Qy for copper. The data (open squares)
require additional loss of 12 ) in addition to conventional quasistatic mod-
els. The inset shows the 12 ) loss originating from the Hertzian vertical
electric dipole being brought close to the conducting ground plane.

ro=30 um, with 0=5.67 X 107 S/m, and the effective length
of the antenna (L,,,=4.6 mm) as an additional fitting param-
eter. L, is larger compared to the actual length of the pro-
truding tip, which is 1.2 mm due to the metal coating on the
resonator (shown in Fig. 1) and the ground plane (copper).?!
The presence of the metal coating on the resonator makes the
effective antenna length ‘twice the actual length due to the
presence of the antenna image.” Hence, in the presence of -
the ground plane (metal), we expect Ly, to be four times the
actual length. This loss of 12 () is significant only for high
conductivity materials and becomes insignificant as o falls
below 10° S/ m,20 as is the case with silicon. The breakdown
of guasistatic approximations is also seen in dielectric thin
films above 10 GHz.**

It turns out that the magnitude of the complex permittiv-
ity can also be used to distinguish between the properties of
different bulk materials. When modeled as a series-RLC
circuit, the input impedance of the resonator is Zj
=Riesonator( 1 +27(QAF/ fo)). 2 Different materials with differ-
ent complex permittivity values present different loads to the
resonator. As a result, the data plotted as the product of Q
and Af should distinguish the materials reflecting the mag-
nitude of their complex permittivity. Figure 4 shows
(Af1£)(Q/ Q) for all the studied bulk materials plotted as a
function of height. Copper shows the biggest change in the
product (Af/£p)(Q/ Qy), because it has the highest magnitude
of complex permittivity, while the fused silica shows the
lowest change, because it has the lowest magnitude of com-
plex permittivity.

In contrast, the inset to Fig. 4 shows that by plotting the
Q of these materials as a function of height, we cannot dis-
tinguish between copper and fused silica. However, the same
data plotted in the form of the mentioned product
(Af1f)(Q/Qy) as a function of height distinguish all the
materials clearly. The fits to the data shown use/the same fit
parameters as discussed in connection with Fig. 2 for silicon
and fused silica and Fig. 3 for copper where the change in
the impedance AZ, ..., With height has been taken into ac-
count. We also note that (Af/f,)(Q/Qg) versus height is a
capacitance-sensitive way of looking at the data as compared
to Af versus Q, which is loss sensitive. An important goal for
the future is to quantitatively understand the capacitance sen-
sitivity of (Af/fo)(Q/Qy) for the metals in the region, when
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FIG. 4. (Color online) Product (Af/fo)(Q/Q,) plotted as a function of
height. The copper (complex permittivity magnitude=3.83 X 10%) has the
biggest variation, while fused silica (complex permittivity magnitude
=3.85) has the smallest variation. The inset shows how the same data plot-
ted as @/Qp vs height makes no such clear distinction between the two
materials.

-

the probe-to-sample separation increases (see Fig. 4 for
metal).

To conclude, We report on testing of widely used quasi-
static deembedding® procedures for characterizing the prop-
erties of bulk materials with a NSMM sharp tip. An addi-
tional loss mechanism due to the change of the antenna
impedance comlng into the near field above the conducting
ground plane19 has to be taken into account to correctly
characterize conducting materials. This loss depends on the
conductivity of the material and it becomes significant for
materials with o well above 10* S/m.? For silicon and fused
silica, we find quasistatic models to be reasonably sufficient,
because for conductivities less than 10° S/m,? the imped-
ance change due to proximity of the plane boundary with
materials can be neglected. Additionally, we introduced a
way to distinguish materials with NSMM through the mag-
nitude of the complex permittivity by plotting the product
(AFIFo)(Q/Qy) as a function of the tip height. The next step
is to extend this work to deembedding material properties of
more complex, hybrid structures and nanometer-scale
devices.
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